Introduction
Well known to mathematicians (Schot, 1978) , aberrancy has only recently been applied to 3D seismic surveys. Gao, 2013 defines aberrancy as measures the deformation of a surface. Aberrancy measures the lateral change (or gradient ) of the curvature of a picked or inferred surface. For example, in two-dimensional space, if the curvature at a neighboring sample points is the same, the same circle would fit both points, and the magnitude of aberrancy would be zero. In three-dimensional space, aberrancy is defined as the vector described by its magnitude and azimuth. The magnitude defines the intensity of surface deformation, while the azimuth indicates the direction in which the curvature decreases. This definition provides an azimuth consistent with that of fault plane azimuths.
Tectonic forces, diagenetic dissolution, diapirism, and erosion all act to deform stratigraphic layers that originally may have been deposited with relatively featureless surfaces. While coherence measures disruptions in these surfaces, dip, curvature, and aberrancy measures changes in their orientation and morphology. Lateral changes in dip give use to curvature while lateral changes in curvature give use to aberrancy. Positive and negative curvature pairs are commonly used to map the footwall and hanging wall of normal faults, bracketing a coherence anomaly. When the fault offset falls below seismic resolution, and the coherence anomaly disappears, the curvature pattern can be used to map the fault further. In general, curvature anomalies are typically juxtaposed to rather than aligned with a fault. In contrast, aberrancy anomalies are aligned with the fault, providing a quantitative measure than can not only be mapped, but also correlated with image logs, production logs, chemical tracer data and other measures of fractures.
Borehole image logs have been widely used to map fractures in the subsurface (Wu and Pollard, 2002) . Several studies have explored the correlation between seismic attributes and fracturing. By analyzing core, borehole images, and seismic curvature, in a North-Central Oklahoma Mississippian Limestone survey, Stearns (2015) found that curvature is an excellent measure of structural deformation, but in his survey, fractures measured in a suite of horizontal image logs were dominated more by lithology than by strain. Cook (2016) used the same NW Oklahoma Mississippi Lime survey used in this study, and conducted a multi-linear regression analysis of six geometric attributes with fractures measured in horizontal image logs and found that coherence images of karst features had the highest correlation with natural fractures. Aberrancy as a new edge detecting attribute that can delineate faults whose throw falls below seismic resolution. For this reason we hypothesize that aberrancy will be quite useful in correlating surface seismic data to fractures associated with faults that are commonly seen in image logs from horizontal wells.
Theory and Method

Aberrancy
The detailed description of aberrancy computation can be found in Qi and Marfurt, 2017. After rotating the (x1, x2, x3) Calibrating volumetric aberrancy fracture prediction using borehole image logs and mud logs, application to the Mississippian Limestone coordinate system to one oriented about the reflector dip and each voxel, the apparent abarrancy, f(ψ) at azimuth ψ is   2 2 2 3 2 1 1 2
where the primes indicate the rotated coordinate system and where p1 ' and p2 ' are the rotated dip components measured in m/m.
The extrema of the aberrancy are computed by setting the value of ∂f(ψ)/∂ψ=0. Note that vector dip, p, is computed using the first derivative of the surface, x3, and has one extrema, the dip magnitude, and the dip azimuth, which define a single dip vector. Curvature is computed using the second derivatives of the surface x3 and has two extrema, the most-positive and most-negative principal curvatures and their strikes. Aberrancy is computed using the third derivatives (equation 1) of the surface x3 and therefore will have in general three extrema. We will call these extrema the maximum, intermediate, and minimum aberrancy vectors expressed by its magnitude, f(ψ) and its azimuth ψ. The numerical roots of the minimization problem are in terms of tan ψ, such that initially ψ ranges between ±90 0 . Inserting these roots into equation 1 may provide negative values of aberrancy f(ψ). It is obvious that a negative flexure to the north is equivalent to a positive flexure to the south. For this reason, in our implementation, we define our resulting maximum, intermediate, and minimum aberrancy magnitudes, fmax, fint, and fmin, to be strictly positive, with the corresponding azimuths ψmax, ψint, and ψmin ranging between ±180°.
The analysis and display of three roots can be cumbersome. We hypothesize that non-zero values of fint, and fmin, represent intersecting flexures which may be indicators of increased shear strain and will compare them against image logs. For normal interpretation such as picking faults, we use the total vector aberrancy, ftot, which is simply the sum of the three aberrancy vectors (Figure 2 ).
Lasso Regression
Lasso (least absolute shrinkage and selection operator) is a regression analysis method that performs both variable selection and regularization in order to enhance the prediction accuracy and interpretability of the statistical model it produces (Tibshirani, 1996) .
The objective of lasso is minimize the objective function J
where yi is the observation (e.g. fracture intensity), ai are the inputs (e.g. seismic attributes), β0 and β are the model parameters. Figure 1 . The internal steps of aberrancy computation. The first step is to compute the inline and crossline dip, which including the first, and second derivatives of inline and crossline dip. The second step is to rotate the original coordinate system, (x 1 , x 2, x 3 ), to the new coordinate system, (x 1 ', x 2 ' , x 3 ') aligned with the dip magnitude and dip azimuth. The third step is to find extrema of a cubic function, which compute the magnitude and azimuth of aberrancy. The final step is to rotate the aberrancy vector in the primed coordinate system back to the original coordinate system to obtain the correct aberrancy azimuth. 
Geologic background
The Anadarko Basin is one of the richest oil and gas reservoirs in the United States. The structural elements of the basin were created through faulting and uplift during the Wichita Orogeny during Pennsylvanian Period. It is bounded to the east by the Nemaha Uplift and to the south by the Wichita Mountains and Amarillo Uplift. The basin shallows as it moves north onto a shelf (Ball et al., 1991) . This shelf, better known as the Anadarko Shelf, was formed during the Permian period. The area of interest is in Woods County, located in the northwest part of Oklahoma within the Anadarko Shelf and is bounded by the Cimarron River to the west and south. Woods County has been an active petroleum production area since 1953, when the county first began producing oil (Bowles, 1961).
Our study is primarily focused on the Mississippian section which was deposited during the Late Devonian through early Pennsylvanian. Subsurface units of the Mississippian system in Woods County include rocks of the Chesteran, Meramecian, Osagian, and Kinderhookian Series ( Figure  3 ). Mississippian rocks are primarily limestone with minor amounts of dolomite and chert. They range in thickness from 14,000 feet in the southwest to 400 feet in the northeast; change in thickness is primarily due to postMississippian erosion (Bowles, 1961) .
Limestone units are quite diverse in Mississippian rocks: limestones in the uppermost Chesteran rocks are generally buff to gray, medium-crystalline, oolitic, and slightly dolomitic. The Meramecian Series consists of limestones that are primarily light tan, medium-to fine crystalline, slightly arenaceous, glaucounitic, oolitic, and porous. The Osagean Series consist cherty limestones that are dark gray and brown, dense, and contain rare glauconite grains at the base. A light gray to tan, fine crystalline, sucrosic limestone represents the upper part of the Kinderhookian series (Lindzey et al., 2015) . fine crystalline, sucrosic limestone represents the upper part of the Kinderhookian series (Lindzey et al., 2015) . 
Data Available:
Seismic and well data A 3D survey was acquired in Woods County, Oklahoma by Chesapeake Energy. The seismic processing workflow included refraction statics, velocity analysis, residual statics, NMO, CDP stack, finite difference migration, fxy prediction noise rejection, and a filter . The overall data quality is excellent. The signal/noise is relatively high and the wavelet amplitude seems continuous throughout the same horizon. (Cook et al., 2016) . However, to model open, conductive fractures model, the mineralized, non-conductive fractures were removed from the interpretation results.
Calibrating volumetric aberrancy fracture prediction using borehole image logs and mud logs, application to the Mississippian Limestone
The open, conductive fractures were interpreted as fractures with higher measured resistivity with reference to the lower resistivity measured from surrounding chert or limestone. In image logs, this appears as darker brown plane against its lighter surrounding matrix (Cook et al., 2016) (Figure  4 ).
Once all the conductive factures were interpreted, a fracture area log is calculated by taking the area of the fracture surface and, dividing by the volume of the borehole along one-foot increments (Cook et al., 2016) .
Mud logs
The wells in the area of interest were drilled by the same operator in a similar time period; therefore, we assume consistency between the wells regarding weight on bit, mud type, and bit type. This study only evaluates the impact of geological properties on the ROP (rate of penetration). The mud logs give ROP in units of min/ft, which is an inverse velocity. Since "time is money", we define the inverse velocity to be the cost of Penetration (COP). 
Workflow
To accomplish the objectives of this study, the following workflow is proposed:
1) Target the production zones in seismic data and conduct a time-depth conversion for both seismic geometric attributes (e.g. aberrancy, coherence, and curvature) and seismic inversion results (e.g. lambda-rho, mu-rho, etc. ). 2) Extract rock-physics related parameters from both seismic structural attributes and inversion results in the following manner:
3) Correlate aberrancy with mud logs and fracture logs 4) Predict fracture using Lasso regression
Conclusions
Aberrancy anomalies are aligned with the fault, providing a quantitative measure than can not only be mapped, but also correlated with image logs, production logs, chemical traces data and other measures of fractures. We introduce a workflow consisting of statistical analyze in an effort to first calibrate aberrancy with fracture, second predict fracture in our survey. Seismic attributes and mechanical properties will be calibrated with image logs and mud logs through the use of lasso regression.
